The physiological activity of gut microbial metabolites has recently attracted much attention. Results: A gut microbial metabolite of linoleic acid, 10-hydroxy-cis-12-octadecenoic acid (HYA), ameliorates intestinal epithelial barrier impairments by regulating TNFR2 expression via the GPR40-MEK-ERK pathway. Conclusion: HYA-induced GPR40 signaling contributes to the intestinal homeostasis. Significance: Our findings indicate a novel function of GPR40 in the inflamed intestine.
Increasing evidence suggests that polyunsaturated fatty acids, which contain more than one double bond, have various beneficial physiological effects (1) (2) (3) . However, the details of the mechanisms of action are not fully understood. Recently, we reported that gut microorganisms generate hydroxy fatty acids, oxo fatty acids, conjugated fatty acid, and partially saturated (nonmethylene-interrupted) fatty acids from food-derived polyunsaturated fatty acids via the biohydrogenation pathway (4) . We also revealed the existence of these unique fatty acids in mammalian tissues (4) . Analyzing the physiological function of these fatty acids will help us understand the mechanisms of action of polyunsaturated fatty acids.
Lactobacillus plantarum has the ability to convert linoleic acid to oleic acid via 10-hydroxy-cis-12-octadecenoic acid (HYA), 3 10-oxo-cis-12-octadecenoic acid (KetoA), 10-oxotrans-11-octadecenoic acids (KetoC), 10-oxo-octadecanoic acid (KetoB), and 10-hydroxyoctadecanoic acid (HYB). Conjugated linoleic acids of 9c,11t-and 9t,11t-linoleic acid were gen-erated via the branched pathway from KetoC. HYB and KetoB are also produced from oleic acid by initial reactions in biohydrogenation metabolism (5) . In this paper, we evaluated the function of five representative fatty acids, HYA, HYB, KetoA, KetoB, and KetoC, in regard to their anti-inflammatory activity in the intestine.
Inflammatory bowel disease (IBD), including Crohn disease and ulcerative colitis, is characterized by an abnormal mucosal immune reaction (6) . Although the pathogenesis of IBD is not yet fully understood, recent genome-wide association studies as well as animal models have suggested that dysfunction of tight junctions (TJ) in the intestine greatly contributes to the pathogenesis of IBD (7, 8) . Increased intestinal permeability and impaired TJ integrity have really been observed in IBD (9, 10) . In addition, excessive production of pro-inflammatory molecules, such as reactive oxidative species (11) and cytokines (12) (13) (14) , is characteristic of IBD patients. Notably, tumor necrosis factor (TNF)-␣ is a pivotal pro-inflammatory cytokine in the pathogenesis of IBD (15, 16) and also causes disruption of the intestinal epithelial TJ barrier (17) (18) (19) . Indeed, the blockade of TNFR1 and/or TNFR2 has recently been shown effective for suppression of inflammation and apoptosis in murine colitis (20) .
The TJ is a multiprotein complex composed of transmembrane and intracellular proteins. To date, four transmembrane proteins, occludin, claudins, junctional adhesion molecule, and tricellulin, have been identified (21) (22) (23) (24) . The intracellular proteins, including zonula occludens (ZO) and cingulin, interact with these transmembrane proteins (25, 26) . IBD-induced disruptions of the epithelial barrier have been associated with changes in expression of TJ proteins, including ZO-1 and occludin (27, 28) . Dysregulation of ZO-1 and occludin corresponds to an increase in intestinal permeability and a decrease in transepithelial resistance (TER). In addition, using a colitis model induced by dextran sulfate sodium (DSS), a previous study has shown a decrease in ZO-1 (29) . Therefore, the re-enforcement of TJ function is regarded as an effective therapy for intestinal disorders such as IBD.
G protein-coupled receptors are physiologically important membrane proteins that sense signaling molecules, such as hormones and neurotransmitters, and are the targets of several drug prescriptions (30) . The G protein-coupled receptor 40 (GPR40), also known as free fatty acid receptor 1 (FFAR1), has been suggested to be an important component in the augmentation of insulin secretion and is activated by a range of medium-to long-chain saturated and unsaturated fatty acids of chain lengths of Ͼ6 carbons (31, 32) . GPR40 is highly expressed in pancreatic islets and has been extensively studied for its role in insulin secretion by mouse pancreatic ␤ cells in response to unsaturated long-chain fatty acids, oleic, linoleic and linolenic acids (33, 34) . GPR40 has also been reported to be expressed in the brain and intestine. However, it is unclear whether GPR40 contributes to inflammation and immune responses in the intestine.
Therefore, we have evaluated the protective effects of five novel fatty acids generated by gut microbes from food-derived fatty acids on IFN-␥ ϩ TNF-␣-induced intestinal barrier impairment in a human epithelial cell line, Caco-2, and in DSSinduced colitis mice. We demonstrate that HYA modulates TNFR2 expression partially via GPR40 signaling to ameliorate epithelial barrier impairment.
EXPERIMENTAL PROCEDURES
Reagents-The structures of gut microbial metabolites of linoleic and oleic acids used in this study are shown in Fig. 1 . These were synthesized according to methods published in previous studies (4) . The following were used for immunoblotting and immunohistochemistry: mouse anti-inhibitor B␣ (IB␣) and anti-phospho-IB␣ (Cell Signaling Technology, Danvers, MA); anti-MLCK (Sigma); anti-␤-actin (Wako Pure Chemical Industries, Osaka, Japan); rabbit anti-nuclear factor (NF)-B p65 (Cell Signaling Technology); anti-GPR40 (Santa Cruz Biotechnology, Paso Robles, CA); anti-TNFR2, ERK, phospho-ERK, p38, phospho-p38, JNK, phospho-JNK (Cell Signaling Technology); antioccludin (Invitrogen); goat horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse immunoglobulin antibodies (Dako, Glostrup, Denmark); goat fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (Invitrogen); and rat phycoerythrin-conjugated anti-mouse CD326 (eBioscience, San Diego). All other reagents were of reagent grade.
Cell Culture-Caco-2 cells were obtained from the American Type Culture Collection (Manassas, VA) and used between FIGURE 1. Structures of fatty acids used in this study. HYA, 10-hydroxy-cis-12-octadecenoic acid; HYB, 10-hydroxyoctadecanoic acid; KetoA, 10-oxo-cis-12-octadecenoic acid; KetoB, 10-oxo-octadecanoic acid; KetoC, 10-oxo-trans-11-octadecenoic acid. These fatty acids were synthesized by our previously published method (4). passages 35 and 55. The culture medium consisted of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, and antibiotics (100 units/ml penicillin, 100 mg/ml streptomycin, and 50 mg/ml gentamycin). DMEM, penicillin, streptomycin, and gentamycin were obtained from Invitrogen. Nonessential amino acids were obtained from Wako Pure Chemical Industries. Fetal bovine serum was obtained from ICN Biomedicals (Osaka, Japan).
Caco-2 cells were cultured at 37°C under a humidified atmosphere of 5% CO 2 . They were grown in 75-cm 2 tissue culture flasks to ϳ80% confluence and then seeded into a 12-well Transwell cell culture chamber (0.4 m in pore size and 12 mm in diameter) (Corning Costar, Cambridge, MA) at a density of 2 ϫ 10 5 cells/cm 2 . Each well was placed in a cluster plate with an outside medium (basal side, 1.5 ml) and an inside medium (apical side, 0.5 ml). The Caco-2 cells were fed fresh medium every 48 h.
Cell Treatment-After 14 days of culture, the Caco-2 cells were treated with gut microbial metabolites (HYA, HYB, KetoA, KetoB or KetoC; 50 M) in the apical side for 24 h. Next, IFN-␥ (50 ng/ml) was added to the basal side, and the Caco-2 cells were incubated for 24 h. After that, the basal media were removed, and TNF-␣ (50 ng/ml) was added to the basal side, and Caco-2 cells were stimulated for 6 h. In some experiments, the Caco-2 cells were stimulated with IFN-␥ for 24 h and were pretreated with the GPR40 antagonist GW1100 (1 M, Cayman Chemical, Ann Arbor, MI) or the MEK inhibitor U0126 (10 M, Wako Pure Chemical Industries) for 30 min prior to the addition of gut microbial metabolites.
Measurement of Intestinal TJ Barrier Function and IL-8 Concentration-Intestinal TJ barrier function was evaluated by measurement of TER and the unidirectional flux of FITC-conjugated dextran (FD-4; average molecular weight 4,000, Sigma) in Caco-2 cells in Transwell inserts. TER value was measured before and after the addition of TNF-␣ every 1 h by Millicell-ERS system (Millipore, Billerica, MA). FD-4 (100 M) was injected into the apical side at the same time that TNF-␣ was added, and its flux into the basal wells was assessed for 6 h. The concentration of FD-4 in the basal solution was fluorometrically determined at 492 nm for excitation and 535 nm for emission (ARVO X4; PerkinElmer Life Sciences). After stimulation with TNF-␣ for 6 h, the basal culture supernatants were assayed for interleukin (IL)-8 concentration by sandwich ELISA (DuoSet, R&D Systems, Abingdon, UK) according to the manufacturer's instructions.
Real Time RT-PCR-Total RNA was extracted from the Caco-2 cells using TRIzol (Invitrogen) and from murine colon tissues using an RNeasy mini kit (Qiagen, Gaithersburg, MD). The reverse transcription (RT) reaction was performed with the high capacity cDNA reverse transcription kit (Invitrogen) at 25°C for 10 min and at 37°C for 120 min. The reaction was terminated by heating to 85°C for 5 min followed by cooling at 4°C.
Real time PCR was performed using the KAPA SYBR FAST ABI PRISM qPCR kit (Kapa Biosystems, Woburn, MA). Primers were designed using the Primer3Plus Program. Primer sequences are shown in Tables 1 and 2 . The reaction was performed at 95°C for 2 min, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The dissociation stage was analyzed at 95°C for 15 s, followed by 1 cycle of 60°C for 15 s and 95°C for 15 s. The fluorescence of the SYBR Green dye was determined as a function of the PCR cycle number, giving the threshold cycle number at which amplification reached a significant threshold. Data were analyzed by the ⌬⌬Ct method and presented as fold changes in gene expression from the unstimulated level, after normalization to the ␤-actin gene for Caco-2 cells and GAPDH gene for colonic tissues.
Immunoblotting-After the appropriate incubation, the Caco-2 cells were washed with ice-cold PBS three times and lysed in RIPA lysis buffer (Atto, Tokyo, Japan). The cell suspensions were centrifuged at 14,000 ϫ g for 30 min at 4°C to yield a clear lysate. Cell extracts were mixed with a one-half volume of Laemmli sample buffer (3ϫ concentrated; 4% SDS, 10% glycerol, 10% ␤-mercaptoethanol, and 0.04% bromphenol blue in 125 mM Tris-HCl, pH 6.8) and heated at 95°C for 10 min. The 
proteins were separated using a 10% polyacrylamide gel and were then transferred onto blotting membranes (Immobilon-P PVDF, Millipore). Membranes were blotted for IB␣, phospho-IB␣, NF-B p65, TNFR2, GPR40, ERK, phospho-ERK, p38, phospho-p38, JNK, phospho-JNK and ␤-actin using specific antibodies in combination with HRP-conjugated anti-mouse or anti-rabbit immunoglobulin antibodies. Blots were developed using the ECL chemiluminescence method (PerkinElmer Life Sciences). Quantification was performed by densitometric analysis of specific bands on the immunoblots using ImageJ software (National Institutes of Health, Bethesda).
Immunohistochemistry-Caco-2 cells were washed with icecold PBS after the indicated treatment, fixed with 4% (w/v) paraformaldehyde for 10 min, and permeabilized with 0.2% Triton X-100 in PBS for 5 min. The cells were then blocked in 4% nonfat milk and incubated with rabbit polyclonal anti-GPR40 (35, 36) at 4°C overnight, followed by incubation for 1 h with FITC-conjugated anti-rabbit IgG. Fluorescence was visualized using a confocal microscope (LSM700, Carl Zeiss Microscopy, Jena, Germany).
GPR40 Functional Activity Assay-For generation of HEK293 cells expressing human GPR40, Flp-In T-REx HEK293 cells were transfected with a mixture of mouse FLAG-GPR40 cDNA in pcDNA5/FRT/TO and pOG44, respectively, using the Lipofectamine reagent (Invitrogen). After 48 h, the medium was exchanged to medium supplemented with 200 g/ml hygromycin B to initiate selection of stably transfected cells. Following isolation of resistant cells, expression of GPR40 from the Flp-In locus was induced by treatment with 1 g/ml doxycycline for 48 h. Expression of GPR40 was confirmed by RT-PCR and FACSCalibur (BD Biosciences) using the FLAG tag. For [Ca 2ϩ ] i measurement, cells were seeded at a density of 2 ϫ 10 5 cells/ well on collagen-coated 96-well plates, incubated at 37°C for 21 h, and then incubated in Hanks' balanced salt solution, pH 7.4, containing calcium assay kit component A (Molecular Devices, Sunnyvale, CA) for 1 h at room temperature. Fatty acids used in the Functional Drug Screening System (Hamamatsu Photonics, Shizuoka, Japan) assay were dissolved in Hanks' balanced salt solution (with 1% EtOH) and prepared in another set of 96-well plates. These plates were set on the Functional Drug Screening System, and mobilization of [Ca 2ϩ ] i evoked by agonists was monitored. The same assay was done also on Caco-2 cells. When using the GPR40 antagonist, cells were pretreated with GW1100 for 15 min prior to the addition of the fatty acids. HEK293 cells not expressing GPR40 were used as negative controls. Data analysis was performed using Igor Pro (WaveMetrics, Lake Oswego, OR).
Animal Studies-BALB/c mice (female, 6 weeks old) were purchased from Charles River Japan (Kanagawa, Japan). All experimental protocols involving animals were approved by the Animal Care Committee, Graduate School of Biosphere Science, Hiroshima University (No. C10-17). Acute colitis was induced in mice by adding 3.5% (w/v) DSS (molecular weight, 36,000 -50,000; MP Biomedicals, Aurora, OH) to their drinking water for 5 days. To assess the effects of HYA and HYB, mice (n ϭ 6 for each group) were intragastrically administered the suspension of HYA or HYB (30 g each in 100 l of water containing 2% DMSO) by gavage. This administration was started 5 days before the DSS treatment and continued for a total 10 days.
The level of colonic inflammation was evaluated daily according to the weight loss, stool consistency, and gross rectal bleeding (37) . Colon length was measured as a marker of inflammation, and then colon tissue mRNA and protein expression were analyzed as described above. For histological analysis, frozen and paraffin sections (7 m thick) of colonic tissue were stained by hematoxylin and eosin. Histological examination was performed in a blinded manner by assigning a score for epithelial damage and leukocyte infiltration on microscopic cross-sections of the colon. The score used was as follows: (i) epithelial damage (0 ϭ intact epithelium, 1 ϭ disruption of architectural structure, 2 ϭ erosion, and 3 ϭ ulceration) and (ii) leukocyte infiltration (0 ϭ normal, 1 ϭ focal, 2 ϭ multifocal, and 3 ϭ diffuse). The final score was expressed as the sum of scores for epithelial damage and leukocyte infiltration.
Mouse colon tissue was embedded in OCT compound (Sakura Finetek, Tokyo, Japan), and frozen sections (7 m thick) were prepared on glass slides. The sections were fixed with 3% (w/v) paraformaldehyde for 10 min and washed with PBS. The sections were blocked in 5% normal goat serum (Wako Pure Chemical Industries) and incubated with rabbit polyclonal anti-occludin, anti-TNFR2, anti-NF-B p65, or mouse polyclonal anti-MLCK at 4°C overnight, followed by incubation for 1 h with goat FITC-conjugated anti-rabbit IgG (Invitrogen) for the detection of occludin, TNFR2, and NF-B p65 and goat Alexa Fluor 546-conjugated anti-mouse IgG (Invitrogen) for MLCK detection. In some experiments, after incubation with secondary antibody, the sections were washed with PBS and incubated with phycoerythrin-conjugated anti-CD326 antibody for 1 h. The specimens were preserved in a mounting medium, and fluorescence was visualized using a fluorescence microscope (FW4000, Leica Microsystems). Colon cryosections were also immunolabeled for NF-B p65 and stained with DAPI, and the number of NF-B p65-positive cells were counted.
Isolation of Murine Intestinal Epithelial Cells-The distal colon segment was opened longitudinally, washed with ice-cold PBS, and incubated in 1 mM DTT/PBS (Wako Pure Chemical Industries) at room temperature for 10 min under gentle agitation to remove the mucin layer. The intestinal epithelial cells (IECs) were isolated by incubation with 30 mM EDTA/PBS (Wako Pure Chemical Industries) at 37°C for 10 min followed by vigorous vortexing for 1 min. Harvested IECs were treated with 2 mg/ml dispase (Invitrogen) and 50 mg/ml DNase I (Roche Applied Science) at 37°C for 60 min with vortexing every 5 min. The resultant single IECs were purified by centrifugation through a 20/40% Percoll gradient (GE Healthcare).
Flow Cytometric Analysis-IECs (n ϭ 4 for each group) were stained with phycoerythrin-conjugated anti-TNFR2 (BioLegend, San Diego) antibody at 4°C for 30 min. For cytokeratin staining, the cells were fixed/permeabilized with Cytofix/Cytoperm solution (BD Biosciences) and then stained with FITCconjugated anti-pan-cytokeratin (Sigma) antibody at 4°C for 30 min. Species-and isotype-matched antibodies of irrelevant specificity were used as controls. Fluorescence intensity was measured by a Guava EasyCyte flow cytometry system (Milli- pore). IEC viability (Ͼ70%) was assessed by Guava ViaCount (Millipore), and purity (Ͼ 80%) was assessed by flow cytometry using anti-pan-cytokeratin and anti-CD326 antibodies.
Statistical Analysis-Results are expressed as the mean Ϯ S.E. Statistical analysis was by using one-way analysis of variance followed by Tukey's post hoc test by the Statcel 2 program (OMS Publishing, Saitama, Japan). A difference of p Ͻ 0.05 was considered statistically significant.
RESULTS

HYA Restores TJ Permeability and TJ-related Molecule Expression in Intestinal Epithelial
Caco-2 Cells Impaired by IFN-␥ ϩ TNF-␣-Caco-2 cells were treated with IFN-␥ for 24 h followed by TNF-␣ for 6 h. This treatment significantly decreased the TER value. We then investigated the effect of five kinds of fatty acids on IFN-␥ ϩ TNF-␣-induced changes in TER. The pretreatment of HYA showed a protective effect on TER in a dose-dependent manner (0.5-50 M) (Fig. 2, A and B) . In contrast, the other fatty acids (50 M each) did not recover TER; the pretreatments of KetoA, KetoB, and KetoC even caused a greater decrease in TER. Caco-2 cells had almost the same response to linoleic acid as they did to HYA (data not shown). For further analysis, we compared the effects of HYA and HYB.
IFN-␥ ϩ TNF-␣ induced an increase in FD-4 permeability; however, the pretreatment of HYA and linoleic acid significantly suppressed this increase (Fig. 2C) . In contrast, the pretreatment of HYB did not alter IFN-␥ ϩ TNF-␣-induced changes in TER and FD-4 permeability. As shown in Fig. 2D , IFN-␥ ϩ TNF-␣ induced a marked increase in the secretion of IL-8, which is a major pro-inflammatory cytokine. However, the pretreatment of HYA significantly suppressed IL-8 secretion.
Changes in mRNA expression of TJ-related molecules were examined to investigate the barrier-recovering effects of HYA (Fig. 2E) . IFN-␥ ϩ TNF-␣ significantly down-regulated the mRNA expression of occludin, ZO-1, ZO-2, and claudin-3, and up-regulated the mRNA expression of claudin-1 and MLCK. Pretreatment of HYA, but not HYB, significantly restored IFN-␥ ϩ TNF-␣-induced changes in the expression of occlu- din, ZO-1, claudin-1, and MLCK. In particular, a significant difference in the expression of occludin and ZO-1 between HYA and HYB pretreatments was observed. Similarly, IFN-␥ ϩ TNF-␣ significantly down-regulated the protein expression of occludin and ZO-1, and up-regulated the protein expression of MLCK. However, pretreatment of HYA, but not HYB, significantly restored these changes in expression (data not shown).
HYA Decreases TNFR2 Expression in Caco-2 Cells-To fur-
ther investigate the molecular mechanisms of the protective effects of HYA on TJ-related molecules, we evaluated the mRNA expression of the TNFRs and the protein expression of IB␣ and NF-B p65. IFN-␥ significantly increased mRNA expression of TNFR1 and TNFR2 (Fig. 3A) , and IFN-␥ ϩ TNF-␣ significantly induced an increase in the ratio of phos- pho-IB␣/IB␣ (Fig. 3B) and NF-B p65 expression (Fig. 3C) . The pretreatment of HYA suppressed IFN-␥-induced up-regulation of TNFR2 (but not TNFR1), and it subsequently decreased the ratio of phospho-IB␣/IB␣ and NF-B p65 expression induced by cytokines (Fig. 3, B and C) . In contrast, pretreatment of HYB did not show the same inhibitory effects as HYA.
HYA Augments the Expression of GPR40, a Free Fatty Acid
Receptor-The mRNA expression of various fatty acid receptors was also examined. We focused on GPR40, GPR120, peroxisome proliferator-activated receptor ␥ (PPAR␥), GPR41, and GPR43. It was noteworthy that the pretreatment of HYA augmented the mRNA expression of GPR40 and GPR43 but not GPR120, PPAR␥, and GPR41 in Caco-2 cells (Fig. 4A) . However, the pretreatment of HYB did not up-regulate GPR40 and GPR43 expression (Fig. 4A) .
The protein expression of GPR40 was then evaluated. Similar to Fig. 4A , the pretreatment of HYA significantly increased GPR40 expression in Caco-2 cells (Fig. 4, B and D) . It was confirmed that GPR40 was localized on the apical side of Caco-2 cells where HYA would presumably bind to GPR40 (Fig. 4C) .
HYA Induces Ca 2ϩ Responses in HEK293 Cells Expressing GPR40 -GPR40 reportedly couples to G q as the ␣-subunit of the heterotrimeric G protein and has the ability to mobilize intracellular calcium [Ca 2ϩ ] i (38) . As shown in Fig. 5A , [Ca 2ϩ ] i influx in HYA-and linoleic acid-treated Caco-2 cells was detected. To clarify whether HYA has a potent agonistic effect on GPR40 signaling, we performed a GPR40 functional activity assay using HEK293 cells expressing human GPR40. HYA and linoleic acid induced [Ca 2ϩ ] i responses in the HEK293 cells in a dose-dependent manner, but the addition of the GPR40 antagonist GW1100 completely negated these responses (Fig. 5, B and C). The activity of HYA was higher than that of linoleic acid, the endogenous agonists (EC 50 : 6.0 Ϯ 2.8 and 11.3 Ϯ 0.6 M in HYA and linoleic acid, respectively), whereas GPR40-expressing HEK293 and Caco-2 cells exhibited no responses to HYB (Fig. 5, A-C) .
Blockade of GPR40 Signaling Cancels the Recovering Effects of HYA-Next, we confirmed the involvement of GPR40 signaling using the GPR40 antagonist. The effects of HYA and HYB on IFN-␥ ϩ TNF-␣-induced changes in TJ barrier functions (TER and FD-4 permeability) and IL-8 secretion were evaluated with or without the addition of GW1100 (Fig. 6 ). GW1100 alone did not affect TER, FD-4 permeability or IL-8 secretion.
Similar to Fig. 2 , A-C, IFN-␥ ϩ TNF-␣ induced a decrease in TER, an increase in FD-4 permeability, and also a marked increase in the secretion of IL-8. Again, the pretreatment of HYA showed restorative effects on TER, FD-4 permeability, and IL-8 secretion. However, GW1100 abolished these effects (Fig. 6, A-C) . GW1100 did not alter the inactivity of HYB on barrier impairment in Caco-2 cells (data not shown). We next evaluated the effect of GPR40 inhibition on TNFR2 expression (Fig. 6D) . Similar to Fig. 3A , IFN-␥ increased TNFR2 expression, regardless of the addition of GW1100. The pretreatment of HYA significantly decreased protein expression of TNFR2 in the absence of GW1100. Notably, however, this effect was abolished by the addition of GW1100. These results clearly suggested that the recovering effects of HYA were attributed to GPR40 signaling.
Blockade of the MEK-ERK Pathway Weakens the Effects of HYA-We explored the possible signaling pathway underlying the HYA-GPR40 axis. As shown in Fig. 7 , HYA phosphorylated ERK (but not p38 and JNK), and the MEK inhibitor U0126 restored the phosphorylation level of ERK. The effects of HYA on IFN-␥ and the TNF-␣-induced changes in TJ barrier functions and IL-8 secretion were evaluated with or without the addition of U0126 (Fig. 8) . U0126 alone did not affect TER, FD-4 permeability, and IL-8 secretion.
IFN-␥ ϩ TNF-␣ induced a decrease in TER, an increase in FD-4 permeability, and also a marked increase in the secretion of IL-8, and the pretreatment of HYA showed restorative effects on these parameters. However, U0126 weakened the positive effects of HYA on TER and FD-4, although U0126 did not alter the IL-8-suppressive effect of HYA. In addition, the pretreatment of HYA significantly decreased TNFR2 protein expression, but this effect was abolished by the addition of U0126.
Oral Administration of HYA Alleviates DSS-induced ColitisWe investigated whether oral administration of HYA improved DSS-induced colitis in mice. The oral administration of HYA prevented body weight loss, improved stool scores, and restored colon length (Fig. 9, A-D) . Histological assessment confirmed that DSS treatment induced marked destruction of epithelial cells, with crypt loss and infiltration of leukocytes, and the degree of tissue damage was attenuated in HYA-treated mice (Fig. 9E) .
Oral Administration of HYA Restores TJ-related MoleculesThe changes in expression and localization of TJ-related molecules in DSS-induced colitis mice were examined to investigate the barrier-restoring effects of HYA. In the colitis mice, the mRNA expressions of occludin, ZO-1, ZO-2, claudin-1, and claudin-3 were altered (Fig. 10A) . The oral administration of HYA significantly recovered the altered expression of occludin, claudin-1, and MLCK. However, oral administration of HYB did not change the expression of all molecules tested.
DSS significantly down-regulated occludin protein expression and up-regulated MLCK protein expression. However, the oral administration of HYA restored the altered expression of occludin and MLCK. As shown in Fig. 10B , occludin was observed predominantly in the epithelial cells of normal mice, but the localization of occludin could not be determined in DSS-induced colitis mice. However, the oral administration of HYA improved the disturbed localization of occludin induced by DSS treatment. In contrast, markedly elevated MLCK expression was detected in DSS-induced colitis mice but was suppressed by the oral administration of HYA (Fig. 10C) . In contrast to HYA, the oral administration of HYB did not change the expression of occludin and MLCK (Fig. 10, B and C) .
HYA Decreases TNFR2 Expression in the Colitis Mice-In DSS-induced colitis mice, the mRNA expressions of TNFR1 and TNFR2 were significantly elevated, but the oral administration of HYA significantly attenuated their expression (Fig.  11A) . In contrast, the oral administration of HYB only suppressed TNFR1 transcription. We next investigated TNFR2 expression by immunohistochemistry and flow cytometry. In DSS-induced colitis mice, the expression of TNFR2 was increased on murine IECs (Fig. 11, B and C) . However, the oral administration of HYA suppressed the expression of TNFR2 on IECs, whereas the oral administration of HYB did not show a similar recovering effect as HYA.
The NF-B p65 staining was faint in IECs in normal mice, but it was strongly induced in DSS-induced colitis mice. However, the oral administration of HYA attenuated the increased expression of NF-B p65 induced by DSS treatment (Fig. 11D) .
Collectively, we have demonstrated that HYA modulates TNFR2 expression via the GPR40-MEK-ERK pathway and suppresses IFN-␥ ϩ TNF-␣-induced epithelial damage and DSS colitis (Fig. 12) .
DISCUSSION
It has previously been shown that conjugated linoleic acids exert beneficial effects on human health, including protection Also, some cells were pretreated with the GPR40 antagonist GW1100 or the MEK inhibitor U0126 for 30 min (ERK). Protein was extracted from Caco-2 cells, and phosphorylated and total protein expression of ERK, p38, and JNK was examined by immunoblotting (n ϭ 3). *, p Ͻ 0.05, and **, p Ͻ 0.01, compared with untreated (Tukey-Kramer). Each result is representative of two similar experiments. ND, not detected. from intestinal injury and anti-inflammatory and anti-carcinogenesis effects (39, 40) . However, only limited information is available on the physiological functions of the gut microbial metabolites of linoleic acid such as HYA. A notable finding in this study was that HYA ameliorated intestinal barrier impairment by suppressing TNFR2 expression via GPR40.
To induce barrier impairment by inflammatory cytokines in Caco-2 cells, we treated IFN-␥ primed cells with TNF-␣, which is reported to be overexpressed in patients with IBD (18, 41) . TNF-␣ activates MAPK and NF-B to induce inflammatory cytokines and chemokines such as IL-8, triggers inflammatory responses, and leads to changes in the expression of TJ-related molecules; for example, it increases MLCK expression and decreases ZO-1 expression through activation of p38 (42) (43) (44) (45) . In this study, the pretreatment of HYA normalized the expression of occludin, ZO-1, and MLCK in Caco-2 cells (Fig. 2, D and E) by suppressing TNF-␣ signaling; it also inhibited the phosphorylation of IB␣ and the expression of NF-B p65 (Fig. 4, B  and C) . It has been reported that GPR40 induced phosphorylation of cAMP-response element-binding protein and that ERK inhibited the activation of MLCK (46, 47) . Thus, HYA might also inhibit MLCK expression by regulating the MEK-FIGURE 9. Anti-inflammatory effects of HYA in DSS-induced colitis in mice. A and C, mice were monitored daily for weight (A) and stool score (C), which ranges from 1 to 4 (total) representing the average of scores from 1 to 4 for rectal bleeding (1 ϭ normal, 2 ϭ loose stools, 3 ϭ diarrhea, 4 ϭ watery diarrhea) and stool consistency (1 ϭ normal, 2 ϭ slight bleeding, 3 ϭ severe bleeding, 4 ϭ gross bleeding). The data from the last 5 days of the experimental period are shown.
•, untreated; E, DSS-treated mice; Ⅺ, DSS-treated mice with HYA administration; and ‚, DSS-treated mice with HYB administration (n ϭ 6). The data for HYA or HYB alone groups were similar to the untreated group. Weight loss was calculated (B) and the colon length was measured on day 10 (D). E, colonic tissue sections were stained with hematoxylin and eosin for histological examination. Scale bars, 100 m. Histological examination was performed by assigning a score for epithelial damage and leukocyte infiltration on microscopic cross-sections of the colon in each mice. *, p Ͻ 0.05, and **, p Ͻ 0.01, compared with untreated; #, p Ͻ 0.05, and ##, p Ͻ 0.01, compared with DSS-treated mice without HYA and HYB administration (Ϫ); $, p Ͻ 0.05, and $$, p Ͻ 0.01, compared with DSSϩHYA (Tukey-Kramer). Each result (A-E) is representative of two independent similar experiments.
ERK pathway. As shown in Fig. 7 , we confirmed that HYA induced ERK phosphorylation. Similar to our result, it has recently been shown that GW9508 (a GPR40 agonist) treatment leads to a significant increase in phospho-ERK levels in primary cultures of neurons from the mouse central nervous system (46) .
To explore the mechanism underlying the protective effects of HYA on the intestinal epithelium, we focused on TNFR, whose expression is reported to be high in the inflamed intestine (48) . Indeed, it was confirmed that TNFR2 was highly expressed in the epithelial cells in DSS-colitis mice (Fig. 4, F and  G) . It has been shown that TNFR2 contributes to exacerbation of inflammation using TNFR2 Ϫ/Ϫ mice (48, 49) . TNFR2 signaling mediates the activation of MLCK and the change in localization of occludin. TNFR2 signaling also induces infiltration of macrophages and neutrophils into the lamina propria and activates Th17 cells (50, 51) . Su et al. (20) reported that the induced expression of TNFR2 in murine colitis promoted apoptosis of intestinal epithelial cells, chemokine overexpression, and exacerbation of inflammation. Therefore, regulation of TNFR2 is a promising candidate for the treatment of inflammatory disorders such as IBD. In this study, HYA suppressed the protein expression of TNFR2, which was increased by IFN-␥ (Figs. 8C  and 9) . Furthermore, the oral administration of HYA suppressed the expression of TNFR2 in epithelial cells (Fig. 4, F and  G) , which was correlated with the recovery from colitis (Fig. 3, 
A-E).
PPAR␥ and GPR120 have previously been reported to be receptors for long-chain fatty acids and shown to mediate antiinflammatory activities. Conjugated linoleic acid represses acti- vation of the NF-B pathway via PPAR␥ (52) . GPR120 is involved in the suppression of inflammation by docosahexaenoic acid and eicosapentaenoic acid by inhibiting phosphorylation of TGF-␤-activated kinase-1 (TAK-1) and activation of NF-B (53). GPR43, also known as FFAR2, recognizes short-chain fatty acid (SCFA). SCFAs regulate the function and size of regulatory T cells (Tregs) in the intestine and protect against intestinal inflammation in a GPR43-dependent manner (54) . We show here that HYA exerts its anti-inflammatory property, at least in part, via GPR40 signaling. GPR40, a receptor for long-chain fatty acids, is reported to enhance secretion of glucagon-like peptide 1 and insulin from pancreatic ␤ cells (53, 55, 56) , and it has a crucial role in the pathogenesis of obesity and type 2 diabetes. Although there are no reports on the involvement of GPR40 in intestinal disorders, it has recently been reported that topical application of GW9508, a GPR40 agonist, suppresses skin lesions (57) . Thus, it is reasonable to hypothesize that GPR40 also mediates the suppression of inflammation in the intestine. Indeed, GW1100, a GPR40 antagonist, canceled the effect of HYA on the suppression of TJ permeability, IL-8 production, and TNFR2 expression in epithelial cells (Fig. 8) . Therefore, although there are only a few other studies that have demonstrated GPR40 expression in the intestine (58) , this study suggests a novel important role for GPR40 in regulating inflammation in the intestine.
Various fatty acids, such as long-chain fatty acids (for example, linoleic acid, linolenic acid, and oleic acid) and middlechain fatty acids (capric acid and lauric acid), are reported to be endogenous ligands for GPR40. Among them, linoleic acid shows the highest affinity for GPR40 (32, 56) . To clarify the interaction between HYA and GPR40, we performed a GPR40 functional assay using HEK293 cells expressing human GPR40. As the sensitivity of HYA was higher than linoleic acid (Fig. 6 ), HYA is a promising candidate to modulate GPR40 signaling. In addition, GPR40 exhibited no response to HYB (Fig. 6) , which indicated that the carbon-carbon double bond at ⌬12 position in HYA is indispensable for the binding between HYA and GPR40.
Notably, increasing evidence has suggested that the host gut microbiota is tightly associated with the gut immune system, and thus far the role of only some microbial metabolites has been revealed. For example, microbially derived butyrate regulates the differentiation of Tregs (59) . GPR43, which recognizes SCFAs such as butyrate, was reported to be essential for neutrophil recruitment in DSS-induced colitis (54, 60) . Examples of the role of SCFAs are not limited to immune modulation. Kimura et al. (61) reported that gut microbiota suppresses insulin-mediated fat accumulation via GPR43. GPR41 is also reported to be involved in energy regulation in response to SCFAs produced by gut microbiota (62) . In addition, GPR41 functions as an energy sensor in the peripheral nervous system to maintain energy homeostasis (63) . Further investigations are required to reveal the additional roles of gut microbial metabolites that exert their effects via G protein-coupled receptors.
In this study, we examined the activity of initial metabolites of linoleic and oleic acid contained in the diet. HYA, one of the initial metabolites of linoleic acid, suppresses intestinal inflammation via GPR40 (Figs. 5 and 6 ). In contrast, HYB, one of the initial metabolites of oleic acid, did not exert a colitis-suppressive activity. These data imply the possibility that the linoleic/ oleic acid ratio in the dietary fat and/or the balance of fatty acid-metabolizing enzymes in gut microbes could regulate intestinal disorders.
In conclusion, we demonstrated that HYA attenuates epithelial barrier impairment in Caco-2 cells and ameliorates intestinal inflammation in DSS-induced colitis in mice by the suppression of TNFR2 up-regulation. Furthermore, it was clearly shown that GPR40 recognizes HYA with higher affinity than linoleic acid, an endogenous agonist, and that the blockade of GPR40 signaling cancels the suppressive effects of HYA on intestinal inflammation. This is the first study that indicates the crucial role of GPR40 in the intestinal barrier. Although further in vivo evaluation of the optimal dosage and administration route for HYA is necessary, HYA is indeed promising not only as a gut microbial metabolite of linoleic acid but also as a novel endogenous GPR40 agonist.
